Abstract
In biology, organic-inorganic hybrid materials are used for several purposes, in particular, for protection and mechanical support. These materials are generally optimized for their function through precise control over the structure, size, shape, and assembly of the component parts and can be superior to many synthetic materials. The shapes and forms of minerals encountered in nature strongly contrast with those that are generally formed in a synthetic environment. According to current understanding, this is achieved through different modes of control: their shape can be controlled by restricting their growth to a confined space or by influencing their preferred direction of growth; in addition, for crystalline materials, polymorph selection and oriented nucleation are achieved through specific interactions between a template or additive and the developing nucleus. Also, controlled arrangement of nanoparticles into superstructures can lead to a complex structure. The understanding and, ultimately, the mimicking of these processes will provide new synthetic routes to specialized organicinorganic hybrid materials. On the other hand, transformation of existing complex hierarchical natural structures such as wood or diatom frustules into other materials using shape-preserving chemistry is another approach toward minerals with complex biomimetic structure. The theme topic in this issue will focus on recent biomimetic and bioinspired approaches used to achieve control over the shape and organization of mineral and organic-inorganic hybrid materials. The different contributions will also highlight the advantages of these methods for advanced materials synthesis, and possible applications will be discussed.
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Nico A.J.M. Sommerdijk and Helmut Cölfen, Guest Editors interaction between the organic and inorganic phases, biominerals obtain their unique characteristics. 2, 5, 7, 8 Aiming at mimicking these inspiring biological structures and their properties, efforts in the fields of chemistry, physics, and materials science over the years have led to a large variety of inorganic and hybrid materials, targeting several applications. Nevertheless, to date, designing organic-inorganic composite materials with controlled structure and morphology is still a major challenge. 9 To achieve this, it is of paramount importance to gain a deep fundamental understanding of the processes involved in biomineralization and of the possible ways to apply them in materials synthesis. On the other hand, it is equally important from the viewpoint of materials science to learn how nature's hierarchical complex structures can be transformed into other materials using shape-preserving chemistry, as this will enhance the materials toolbox of minerals with complex structures.
In this issue, we will highlight several different approaches to achieve control over mineral structure through the application of bioinspired synthetic methods. First we wish to give a general introduction to the principles and pathways in biological and biomimetic mineral formation, with a particular focus on recent new developments that have drastically changed the classical view of mineral growth.
Controlling Morphology Using Organic (Macro)Molecules
While most biominerals are crystalline, some organisms (e.g., diatoms, radiolaria) use amorphous silica for the construction of often complex and beautiful morphologies. Because silica is an amorphous solid that has no preferred morphology, it can be easily molded into many shapes, as is shown in the large variety of speciesspecific morphologies in biology 10 and in the successful mimicking of these structures by chemical approaches. 11 Silica also differs from most other minerals in that its formation relies on the generation of covalent (Si-O-Si) bonds, rather than on ionic interactions. Silica nucleation and growth in solution have been investigated for many decades and proceed through the formation of small oligomers that condense to larger particles and gels. It was recently demonstrated that the same classical silica chemistry also rules the formation of biosilica formation in diatoms. 12 Morphological control in these organisms occurs through the confinement of the mineralization process to the so-called silica deposition vesicles, in which dedicated macromolecules are responsible for
Introduction
Living organisms use a whole range of organic-inorganic hybrid materials for a variety of purposes, including mechanical support, navigation, protection, and defense. These biominerals often have remarkable mechanical, optical, and magnetic properties related to the precise hierarchical assembly of nanoscale building blocks. [1] [2] [3] [4] [5] Moreover, in many cases, these biominerals have fascinating shapes that are seldom found in geological or synthetic minerals and which are adjusted to their specific functions ( Figure 1 ). These beautiful morphologies have been the source of inspiration for many scientists for more than a century. 6 The formation of biominerals is strictly regulated by the interaction of the mineral with ordered assemblies of biomolecules that dictate the shape, size, orientation, polymorphism, and assembly of the constituting building blocks. Through this intimate shaping the detailed multi-length scale pore structure. 13 In this issue, Kröger and Sandhage discuss the design and development of biomimetic proteins capable of directing the in vitro formation of silica and other inorganic materials from aqueous precursor solutions under ambient conditions.
Most other biominerals consist of intrinsically crystalline materials. According to classical nucleation theory, the crystallization of inorganic minerals starts from the stochastic association of the constituting ions into dynamic clusters. Above a critical size, where the unfavorable surface energy is counterbalanced by the gain in bulk energy, these clusters are thought to form the critical crystal nuclei that are the basis of further growth. 14 In the traditional view of biomineralization, the formation of biominerals proceeds via the ordered assembly of ions on an organic matrix with associated macromolecules (structural or insoluble matrix), guided by additives present in solution (functional or soluble matrix). Indeed, a vast number of biomimetic laboratory experiments has demonstrated that polymorphism, crystal habit, and crystal orientation can be controlled using (a combination of) synthetic templating surfaces and solution additives. 9, [15] [16] [17] In this issue, Kato et al. describe the use of synthetic and semisynthetic macromolecules for the preparation of inorganic-organic hybrids having oriented, patterned, and 3D complex structures as well as thin-film structures with smooth surfaces.
Most biominerals grow in confined spaces and often inside a gel-like medium. 18 During mineral formation, these organic components can undergo significant conformational and structural changes. In fact, it was demonstrated that the presence of a gel-like medium can drastically influence the nucleation behavior of a templating surface. 19 Similarly, it was shown that the nucleation activity of an organic template is strongly affected by its ability to adapt to the demands of the developing mineral phase. 20, 21 Although these experiments demonstrated how organic molecules and surfaces can influence the nucleation and growth of minerals, they did not provide the answer to the question of how nature is able to sculpt crystalline minerals into the often-observed nonequilibrium morphologies. Even though in some examples the use of low temperatures and low ionic strengths allows the detailed replication of polymeric templates yielding single crystals with nonequilibrium morphologies, [22] [23] [24] we cannot assume that nature uses this approach to fabricate preciseley shaped biocrystals on a large scale. Instead, recent research revealed that in many biological systems, the formation of the crystalline mineral phase is preceded by amorphous solid precursors, [25] [26] [27] which are intrinsically labile but temporarily stabilized by the presence of acidic biomacromolecules. This seems to be an important step in the formation of crystalline biominerals with complex morphologies; in this case (cf. silica), the amorphous state allows the mineral to be molded into the shape of a scaffold, as demonstrated for synthetic nacre, 28 or nonequilibrium shapes prior to their transformation into a crystalline form. 29 Similarly, in laboratory experiments, amorphous mineral phases can be kinetically stabilized by highly charged synthetic polymer molecules ("polyelectrolytes"), 29 as well as by polar/charged surfaces, 30 which allow for the formation of complex-shaped crystals and hierarchical structures similar to their biogenic counterparts. 27 Although it had long been suspected that the formation of small clusters of ions would form the first stage in the nucleation of the amorphous mineral phases, 31, 32 only recently the existence of pre-nucleation clusters was unambiguously demonstrated. [33] [34] [35] In contrast to what classical nucleation theory describes, these nanometer-sized clusters were found to be stable and to exist in thermodynamic equilibrium with the ions in solution. 33 Their subsequent aggregation was shown to be the onset of the formation of amorphous nanoparticles that nucleated in solution rather than on the organic template present. 34 These nanoparticles were rather homogeneous in size and only developed to larger sizes that allowed the nucleation of crystalline domains when attached to the template. The presence of charged polymeric additives was shown to have multiple functions, such as delaying the onset of nucleation of the amorphous phase, 36 underlining the importance of a fundamental understanding of these basic species for the development of complex morphologies through the use of amorphous mineral phases. These findings imply that controlled aggregation over multiple length scales can facilitate the formation of complex hierarchical crystalline structures.
Hierarchical Complexity in Crystals
For many biological crystals, it has been demonstrated that they diffract as single crystals, despite the fact that they clearly are built from a large collection of small crystallites. 37, 38 Evidently, the formation mechanism involves the very precise assembly of premade building blocks into a perfect registry, as was observed for purely inorganic systems in the process of oriented attachment (i.e., the crystallographically oriented fusion of crystallites into larger single crystals), 39 which also can lead to complex mineral structures. 40 In this issue, Burrows et al. give a detailed description of the methods for characterizing crystal growth by oriented aggregation and the current models that describe the process. Under most conditions, the assembly of pre-formed crystalline building blocks in a synthetic environment leads to the formation of polycrystalline materials. Nevertheless, highly ordered polycrystalline structures were demonstrated by the polymercontrolled helical assembly of welldefined building blocks. 41 Even single crystalline structures can be obtained at a high temperature by the hydrothermal fusion of small crystallites, as discussed by Penn and Banfield, 39 or at room temperature if directed by a polymer. 42 In addition, under careful control of mineral and additive concentrations, the formation of crystalline structures that diffract as single crystals from the polymer-directed assembly of mesoscale crystalline building blocks has recently been successfully accomplished. 43 In fact, the formation of these types of crystals, which are now termed "mesocrystals," has been found to be much more widespread than initially realized and forms an important pathway for the controlled fabrication of complex mineral structures. 37, 44 In this issue, Imai and Oaki describe the application of gels and polyelectrolytes to construct a variety of hierarchical structures from ordered inorganic building blocks.
Templating by Preformed Precursor Materials
Where nature uses the amorphous-tocrystal transformation for the generation of complex crystalline forms from a preformed precursor, an intriguing and complementary approach comprises the synthesis of objects with similar complexity through a mineral-to-mineral or an organic-to-mineral transformation. In this approach, a chemical transformation of a precursor material, such as biosilica 45 or wood, 46 leads to the generation of new mineral forms that perfectly copy the morphology of the original template. This shape-preserving chemistry, including topotactic solid-state reactions (i.e., solidstate transformations in which the morphology of the starting material and product are in coherence), provides a new approach to materials design where materials properties are imposed onto existing shapes. In this issue, Greil describes different routes to the conversion of natural materials into biomorphous ceramics with structures and properties.
A further understanding of the processes outlined here will provide new routes for the fabrication of specialized organic-inorganic hybrid materials, such as tissue engineering scaffolds (Figure 2) , 47 reinforced polymers, 48 catalyst supports, 49 sensors and optoelectronic devices, 45 tough mechanical materials, 50 and biosculpting and peptide-induced roomtemperature synthesis of materials that are usually only available at high temperatures. 51 The accurate prediction of the outcome of synthetic efforts would make targeted experimen tation possible and take the current methodology of hybrid materials synthesis out of the realm of trial and error. The implementation of this knowledge in a production environment for the controlled and programmed biomimetic synthesis of hybrid and/or hierarchical materials also should lead to a new and environmentally friendly approach to biologically benign structural materials with tunable material properties. 
